We examined the process of fragmentation in a managed forest landscape by comparing rates and patterns of disturbance (primarily clear-cutting) and regrowth
). While considerable attention has been paid to the ecological value of natural coniferous forests and the differences between natural forest structure and plantation forest structure (Franklin et al. 1981 , Spies and Cline 1988 , Hansen et ai. 1991 
STUDY AREA
We chose a study area where we were familiar with forest conditions from previous ground-based studies (Spies and Franklin 1991) and where we could examine a large public land planning unit (in this case the Willamette National Forest) and the private lands bordering it (Fig. 1) To minimize vegetation differences from seasonal changes, all of the MSS image data used in the study were from the three summer months.
The Earth Resources Data Analysis System (ERDAS) was used to implement a nearest neighbor interpolation method with resampling at 50 x 50 m pixel size from the original 57 x 79 m pixel size.
After rectification, each image was classified into three broad cover types: closed canopy conifer forest (CF), other forest and nonforest types (OT), and water. Closed-canopy conifer forests, i.e., stands in which conifer crowns occupied at least 60% ofthc area, ranged in age from 40 to 750 yr, and were typically at least 15-30 m tall. The OT class included recent clearcuts, brush fields, young pre-canopy-closurc conifer plantations, and closed-canopy stands dominated by de-ciduous trees. Pixels classed as water consisted primarily of large reservoirs.
Only two forest cover classes were used to simplify the change analysis, to emphasize cutting patterns, and to minimize the grotmd-truthing needed to develop the classification.
Our purpose was to quantify rates of disturbance and changes in spatial pattern relative to the initial matrix of conifer forest. Consequently, we did not distinguish among different classes of closedcanopy conifer forest including old-growth, or different classes of early successional and deciduous cover. Although this simplification may limit the relevance of our results for old-growth issues, the ecosystem transitions represented by the two classes encompass the two most dramatic changes in biological diversity and ecosystem function that occur in these landscapes:
(1) the change from a natural conifer forest to an early successional clearcut, and (2) the change from an open or deciduous ecosystem to a conifer-dominated ecosystem. We used an unsupervised classification scheme in which the image data were aggregated into 100-150 natural spectral classes, then grouped into the three classes described above (Lillesand and Keifer 1987) .
The accuracy of the 1972 and 1988 image classifications was assessed using aerial photography.
A system- (Table 2) . This trend was very strong on private lands, where disturbance transition rates were over three times greater than successional transition rates (Table 2) . On public lands, the pattern was opposite to that of private lands: successional transition rates were slightly higher than disturbance transition rates on nonreserve lands and they were _ 10 times higher on reserve lands.
RESULTS

Accuracy of classification
Disturbance rates and rotations
The annual rate of disturbance (based on area disturbed between 1972 and 1988 as a percentage of the total study area) and corresponding rotation age (inverse of the annual percentage of cutting rate) for the entire study area including wilderness was 1.19% and 84 yr. The annual rates of cutting on public nonwilderness land and private lands were 0.95 and 2.14%. These rates translate into forest rotations of 105 and 47 yr.
Changes in edge and interior habitat
Edge habitat. --The percentage of edge increased slowly over the 16-yr period (Fig. 3c, d) . The density of edge increased from 1.9 to 2.5 km/km:.
The greatest increase in edge occurred between 1984 and 1988 ( Fig.   3 ). Low elevations had higher proportions of edge than did high elevations (Fig. 3 ). The proportion of edge was lower on public lands than on private lands until 1988, when the proportion of edge on public lands increased rapidly to nearly the same proportion as on private lands (Fig. 3d) .
Interior habitat.--The amounts and percentages of interior CF steadily declined during the study period ( Fig. 3) . High elevations had a consistently greater percentage of interior forest than did low elevations where o the percentage of CF declined from 84 to 65%, a dis-"6 persed pattern of small cuts in 1972 in the upper right : 10expanded slowly in subsequent years by the dispersal of small units into the large uncut block in the lower 10' portion of the area (Fig. 6 ). This large block remained relatively uncut until 1984. During this same period, cutting also occurred around the older units in the upper right portion of the image, resulting in aggregation of cutover areas. Until 1984, the conifer forest was entirely a connected matrix. During 1984 and 1988, a few small (< 10-ha) isolated forest blocks began to appear in the area in which cutting initially began (Fig.  6) .
.o Because of the occurrence of older plantations and _.
large cutover areas, regrowth of CF was more easily illustrated on private lands than on public lands, where z plantations were younger and regrowth was dispersed in relatively small units over large areas. Regrowth of CF for a subsample of private land followed a spatial process of nucleation, in which relatively large areas of CF in 1988 (53.9% CF) regrew from smaller foci of CF in 1972 (33.9% CF) ( Fig. 7) . Patterns of regrowth were only illustrated for 1972 and 1988 because the changes at 4-yr intervals were so small that they tended 
TABLE2. Transitions in forest conditions between 1972 and
1988, based on areas in forest condition in 1972 (see Table  1 ) by owemship and allocation. to be obscured by differences among the classifications of OT and CF for each date. The change from OT to CF from succession was much more gradual and less contrasting than the sudden change from CF to OT caused by clear-cutting.
Interior and edge. --Public land subsamples had less interior habitat and more edge habitat than private land blocks over a comparable range of cutover percentages ( Fig. 8A) . On public lands the percentage of edge rose to a peak at _.40% cutover and then declined, roughly following a pattern predicted by Franklin and Forman (1987) for a uniform checkerboard model of cutting patterns. The private lands subsamples exhibited less edge per percentage of cutover and showed a relatively fiat relation between edge and percentage cutover. The private land was probably cut in different types of patterns that created a relation of edge to cutover area that is a mixture of several spatial cutting models. Aggregated cutting after the landscape was 40% cutover resulted in a decline in percentage of edge for both ownerships, although the amount of edge after the 40% point varied considerably (Fig. 8B) . 
EcologicalApplications
Vol. >40 yr (Fig. 9 ). If canopy closure were accelerated on private lands and occurred at 30 yr, which is already the case on many private lands, then 40% of that ownership would be in CF (Fig. 9) . However, given the likelihood of natural disturbances and future changes in policy, the manager's ideal of a fully regulated forest will probably remain a theoretical target.
Comparison with natural disturbance regimes
The natural disturbance regime of the study area is characterized by both fine-scale (< 1 ha) and coarse- Fig. 9) . The proportion of landscape in CF in a regulated forest Clearcut patch sizes appear to be similar to the typical fire patch size; however, the distribution of clearcut patch sizes is probably narrower, lacking disturbance patch sizes > 100 ha. However, the higher frequency of clear-cutting cumulatively creates large patches of early successional conditions in a relatively short period of time.
The high disturbance rates create a higher proportion of the landscape in an early successional state than on average during the last several hundred years. This results in increases in populations of early successional species at a landscape scale and an increased density of seed rain and establishment of those species in disturbance patches. While these species are not likely to invade the areas of closed-canopy forests, through mass effects they may become more common in natural disturbances such as treefalls and wildfires that occur within natural forest areas. Also, contact zones or edges between early successional deciduous forests and closedcanopy coniferous forests will be more common, resuiting in increased edge effects from microclimatic change (Chen 1991) and predation and competition. Finally, the short return intervals between major disturbances will not allow late successional ecosystems to develop and species and processes dependent on longer intervals will be lost on sites where cutting occurs at short intervals.
Comparison with other landscape change studies
Comparable studies of forest landscape change have been done in the tropical forest areas where cutting rates range from <0.5% (Nelson et al. 1987 ) to 1.7% (Fernside 1982: Table III ) to > 7. 7%/yr (Sader and Joyce 1988) . In many of these tropical landscapes, however, the deforestation is a result of agricultural expansion, whereas in Northwest temperate conifer forests, the change is typically from one forest condition to another. The loss of mature and old-growth forest habitat in the study area during this period, however, was at least semipermanent because current rotations and practices do not allow for redevelopment of this forest type.
The landscape dynamics we observed differed in several respects from the dynamics of the Superior National Forest in northern Minnesota between 1973 and 1983 (Hall el al. 1991 ). In the Minnesota landscape, the percentage of nonwilderness in mid-to late-successional "mixed and conifer states" increased at an annual rate of 0.2% (55 to 57%) between 1973 and 1983; on nonwilderness public lands in Oregon, the percentage of the mid-to late-successional conifer type decreased at an annual rate of 0.7% (79 to 68%) between 1972 and 1988. Stability of individual mid-to late-successional patches, however, appeared to be lower in Minnesota than in Oregon; 54 and 51% of the mixed and conifer types in Minnesota remained or returned to those types during the 10 yr, but in Oregon, 8 !% of the conifer type was still in that condition after 16 yr.
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The annual rates of major disturbance (change to "Clearings," "Regenerating," or "'Broadleaff' types in the Minnesota study) in the mixed and conifer types on nonwilderness lands in Minnesota were 2.7 and 1.8%, but in Oregon the annual disturbance rate to the conifer type was 1.2%. Wilderness lands in both areas experienced lower disturbance rates than the nonwilderness lands; however, the Minnesota wilderness experienced higher disturbance rates than did the Oregon wilderness (0.7 vs. 0.2% for the conifer types).
Comparison with the checkerboard model
Although The Franklin-Forman model did not include forest stand regrowth, which means that the highly cutover states simulated in the checkerboard model are never reached in a real landscape, at least for areas larger than several hundred hectares. In addition, regrowth of young stands reduces the distance that edge effects occur in adjacent taller stands and lessen the negative effects of cutting for processes and species that return to predisturbance conditions when the conifer canopy closes. On public lands where the predominant rotation is currently planned at 80 yr, the maximum area in canopy closure (assuming closure by 40 yr) would be _50% (Fig. 8 ). Based on this study and the simulations of Franklin and Forman (1987) 
